Evidence for the formation of an unstable intermediate in the synthesis of quinolinate from aspartate and dihydroxyacetone phosphate by Escherichia coli was obtained using toluenized cells of nadA and nadB mutants of this organism and partially purified A and B proteins in dialysis and membrane cone experiments. The results of these experiments indicate that the nadB gene product forms an unstable compound from aspartate in the presence of flavine adenine dinucleotide, and that this compound is then condensed with dihydroxyacetone phosphate to form quinolinate in a reaction catalyzed by the nadA gene product.
acid) (QA) is a precursor of the pyridine nucleotides in mammals (8) , plants (10) , and microorganisms (2) . The pathway for the synthesis of QA from tryptophan in mammalian liver and in Neurospora has been clearly elucidated by the efforts of a number of investigators (4) . This tryptophan-QA pathway is also present in aerobically grown yeast (1) . On the other hand, the details of QA synthesis in plants and most microorganisms have not been reported. Radioactive labeling studies in vivo and in vitro have suggested at least three separate pathways other than the tryptophan pathway for QA synthesis in various microorganisms (15, 17 ; T. A. Scott and H. Hussey, Biochem. J. 96:9c). In the most thoroughly studied system which is present in aerobically grown Escherichia coli, two protein fractions have been shown to be required for the synthesis of QA from aspartate and dihydroxyacetone phosphate (DHAP) (9, 18) . One of these, the "B" protein, is coded for by the nadB gene (21) and the other, the "A" protein, by the nadA gene (19) . Although these proteins have been partially purified, and the properties of the in vitro QA synthetase system have been studied in some detail, previous efforts to detect the formation of intermediate(s) between aspartate and DHAP and QA in this system were unsuccessful (9, 18) . On the other hand, a series of experiments have been reported by other workers which suggest that several intermediates in QA biosynthesis may be formed from aspartate and DHAP in E. coli. Cross-feeding experiments have been reported (12) nadA-coded enzyme produces a compound which can be converted to QA by a mutant containing an intact nadB-coded enzyme. Subsequently, a nadC mutant, which is blocked in the conversion of QA to nicotinic acid mononucleotide (20) , was shown to excrete a compound which was not QA, but which stimulated the growth of both nadA and nadB mutants (5) . More recently, Chen and Tritz (6) have concluded that five unidentified compounds formed from fructose-1,6-diphosphate and/or aspartate in a cell-free system prepared from a nadC mutant are precursors of QA, since formation of these compounds is repressed by nicotinic acid and inhibited by oxidized nicotinamide adenine dinucleotide.
This communication reports evidence that the nadB gene product, in the presence of flavine adenine dinucleotide (FAD), converts aspartate into an unstable compound which is then condensed with DHAP to forn QA in a reaction catalyzed by the nadA gene product. (9) . The A protein was purified from the crude extract of nadB35 cells through the 40 to 60% ammonium sulfate step and the B protein was purified through the Sephadex G-200 step, as described by Griffith et al. (9) . The proteinreplacing activity of liver, which was used as the B protein source in some experiments, was purified through the Sephadex G-75 step as described by Sakakibara et al. (16) .
MATERIALS AND METHODS
Preparation of toluenized celis. Toluenized cells of nadA19 and nadB7 were prepared following the methods described by Jackson and DeMoss (11) . A 0.2-g sample of washed cells was suspended in 1 ml of 0.05 M potassium phosphate buffer (pH 8.0); 100 pl of toluene was added, and the suspension was mixed vigorously at room temperature for 1 min. Toluenized cell suspensions were stored in an ice bath until used (no longer than 30 min).
Other Methods. Assay for QA formation during A and B protein purification was carried out as previously described (9) . Assay for QA formation in those experiments described here used these methods (9) , with some modifications as described in the This result is consistent with our findings that many nadB mutants are slightly leaky and contain low but detectable amounts of B protein (9) . However, when toluenized nadA and nadB cells were mixed together and incubated in the reaction mixture ( ' The concentrations of substrates, buffer, and proteins were the same as described in Table 2 . Dialysis cells were preincubated for 60 min with all substrates present in both chambers, but with either A or B protein alone in one chamber (total volume, 0.5 ml). Then the contents of each chamber were removed to a test tube, the missing protein was added to both mixtures in a volume of 0.2 ml, and incubation was continued for another 60 min. Reactions were stopped, and
[14C]QA was determined as in Table 2. protein was incubated for 60 min in only one chamber of a dialysis cell. The contents of both chambers were removed to test tubes, the other protein (A or B) not present in the incubation was added, and incubation continued for another 60 min. In contrast to the results of the previous experiment, significant amounts of [ In these experiments, A or B protein and some or all of the other components of the quinolinate synthetase system were placed in an Amicon filter cone, which was then placed in the mouth of a centrifuge tube containing the other components to complete the synthetase system. The tube was then centrifuged, and the small molecules were filtered through the cone into the reaction system below while the proteins were (in theory) retained in the cone (Table 5) . In these experiments, B protein from E. coli was used because its apparent molecular weight of 85,000 as determined by gel filtration (18) is about twice that of the B protein activity prepared from beef liver (16) . Experiment 1 (Table  5) was carried out as a control to show that small molecules pass through the cones while proteins a Amicon CF-25 membrane cones, containing reaction mixtures of the indicated composition in a total volume of 1.0 ml, were placed in 50-ml centrifuge tubes, containing the indicated components in a total volume of 1.0 ml, and were centrifuged for 15 min at 3,000 rpm in a SS-34 head of an RC2-B centrifuge (about 1,000 x g) at room temperature. This centrifugation forced 80 to 99+% of the liquid contents of the cone into the centrifuge tube. The centrifuge tubes were incubated at 25°C for a further 15 min. The reaction was then stopped, and
['4C]QA was determined as described in Kerr and Tritz (12) on the basis of cross-feeding experiments carried out in a liquid minimal medium supplemented with Casamino Acids. In those experiments nadA and nadB mutants were inoculated together into the mmnimal medium. An initial period of increase in absorbance lasting 6 to 8 h (presumably due to growth of both mutants) was followed by a lag period of about 6 h, after which increase in absorbance was again observed. Differential plate counts showed that the number of nadA cells increased from 108 to 101"/ml during the second growth phase, while the number of nadB cells reached a maximum of 5 x 10' cells per ml.
It was concluded that the nadA cells were being fed by the nadB cells and that the nadA enzyme precedes the nadB enzyme in the pathway (12) . However, no feeding between a nadC mutant, which should excrete QA under these conditions (3), and either the nadA or nadB mutant could be demonstrated. Also, the feeding of nadA cells by the nadB cells could only be observed when Casamino Acids were added to the culture medium (12) . A possible alternate explanation for these apparent cross-feeding results may be provided by the observations ofLundquist and Olivera (14) on niacin starvation of several nad mutants. These workers found that when logarithmically growing niacin-requiring cells were transfered to a niacin-free medium, rapid growth continued for 2 h with a greater than 10-fold increase in numbers. After growth ceased, leakage of niacin (in the form of nicotinic acid ribonucleoside) began. If one assumes that the nadA cells used by Kerr and Tritz (12) were more resistant to niacin starvation than their nadB cells, then the further growth of the nadA celLs they observed might have been at the expense of nicotinic acid ribonucleoside excreted by stationary nadB cells.
The discovery that the B protein alone produces a dialyzable product from aspartate should allow us to develop a less cumbersome assay for its activity than the currently used assay for quinolinate synthesis which is coupled to the A protein (18) , and should accelerate the purification and characterization of the B protein of E. coli as well as the B protein activity in mammalian liver.
